First principles calculations are performed to investigate the electron transport through a zigzag-edged graphene nanoribbon (ZGNR) heterojunction constructed by connecting a monohydrogenated ZGNR and a dihydrogenated ZGNR and its response to external magnetic fields. It is found that the heterojunction can be switched between a conducting state and an insulating state by tuning the magnetic fields. It arises from the matching or mismatching between the p or p Ã states of the two ribbons under different magnetic fields. This mechanism of conductance switching by tuning the orbital symmetry can be considered in the future design of graphene based electronic devices. The successful fabrication of graphene 1 in 2004 has opened a new future for the electronic devices due to its exceptional electronic properties and the ability to cut it into nanoribbons by various ways. The graphene nanoribbons(GNRs) may behave as metals or semiconductors, depending on their ribbon width and edge shape, and have been the focus of immense experimental and theoretical studies for quite a few years. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Among the two typical GNRs with armchair or zigzag edges, the zigzag-edged graphene nanoribbons (ZGNRs) have received special attention due to the edge states, edge magnetism, and, especially, the half-metallicity that can be achieved by a lot of ways, such as electrical field, edge decoration, and BN codoping, [12] [13] [14] [15] [16] [17] [18] [19] which makes ZGNRs very promising in spintronic devices.
Besides the geometrical and electronic structure, the electron transport in GNRs as two probe systems has also attracted great attention. Particularly, in previous works, many interesting properties are reported in ZGNR based devices, such as giant magnetoresistance and bias induced conductance suppression. 20, 21 Some of them are obtained by applying a bias to a perfectly periodic nanoribbon. Computationally, we can get the I-V characteristics for a periodic system, in which the electrodes and the central scattering region are the same. However, physically, the voltage drop in a perfectly periodic system is somewhat artificial since it can only occur at real scattering centers, such as molecules, break junctions, and interfaces between two different materials. Thus, for finite bias properties, it is necessary to investigate them in a heterojunction or junctions with true scattering centers. This can be achieved by differentiating at least one of the three regions, namely, the left lead, the central region, or the right lead, in the graphene junction by various ways, such as doping or edge modification.
The edges with dangling bonds in pristine ZGNRs are not stable, 22, 23 and thus each edge carbon atom is usually passivated by one hydrogen atom (monohydrogenation). Recently, another hydrogenation scheme, so called dihydrogenation, which saturates each edge carbon atom by two hydrogen atoms, has been proposed. [24] [25] [26] [27] [28] If the edge carbon atoms are dihydrogenated in ZGNRs, great changes in band structure, edge magnetism, edge states, and energy difference between the anti-ferromagnetic (AFM) and ferromagnetic (FM) configurations can be observed in the ZGNRs, compared with the monohydrogenated ZGNRs. [24] [25] [26] [27] Thus, monohydrogenation and dihydrogenation result in quite different properties and the combination of them provides a natural way for producing heterojunctions with the same GNR.
In this letter, we focus on what new behaviors will be observed in a ZGNR with different hydrogenations. In particular, in a heterojunction consisting of a monohydrogenated ZGNR (labelled as "M") and a dihydrogenated ZGNR (labelled as "D") with the same width, we care how the electron transmission will be affected at the interface as a result from the change of edge hydrogenations. In addition, the tuning effects of magnetic field are also investigated. With first principles calculations, we show that conductance switching is obtained in such heterojunctions by tuning the magnetic fields, and thus a very large magnetoresistance could be realized.
The model structure for the nanoribbon junction is constructed as follows: first, a pristine infinite 10-ZGNR is chosen and then the left half is monohydrogenated while the right half is dihydrogenated (see Figs. 1(a) and 1(b)). We thus call it system "M-D". For comparison, the transport properties of a 10-ZGNR with only monohydrogenation (labeled as system "M-M") and only dihydrogenation (labeled as system "D-D") are also investigated. The lead supercell consists of five primitive cells, and it has a total length of 12.3 Å along the z direction. The scattering region consists of two left lead supercells and two right lead supercells with a total length of 49.2 Å . For the lead calculations, the Brillouin zone is sampled by a 1 Â 1 Â 40 k-point grid.
Electronic structures are calculated by the widely adopted SIESTA package, 29 which employs norm-conserving pseudopotentials and linear combinations of atomic orbitals as basis sets. Transport calculations are performed with the ATK program, 30, 31 in which the density-functional theory a)
Electronic mail: xhzheng@theory.issp.ac.cn. (DFT) is combined with Keldysh nonequilibrium Green's function (NEGF) method to calculate the electronic and transport properties of nanoscale systems. The wave function is expanded over a single zeta basis set to get a reasonable balance between computation effort and accuracy. This choice has been proven to be appropriate for the transport calculations of carbon systems. 32, 33 The resolution of the real space grid is determined by an equivalent plane wave cutoff of 200 Ry. The exchange-correlation potential is at the LDA level in the form of Perdew-Zunger. 34 All the structures are fully relaxed until the force tolerance of 0.01 eV/Å is reached before the electronic structures and transport properties are calculated.
Without magnetic field (see Fig. 1(c) ), in all the three systems (M-M, D-D, and M-D), a conductance gap is observed around the Fermi level (see the left panels in Fig. 2 ). This is easy to understand since in both M and D, AFM is the ground state and it is a semiconductor, which can be seen from the band structures shown in the right panels in Fig. 2 . An obvious difference in system M-D is that a conductance peak is observed in the energy ranges [À0. For ZGNRs, slightly higher in energy is the FM magnetic configuration and the application of a magnetic field 35 or a transverse electrical field 12 can make the FM state more stable. In this work, the effect of magnetic field is just to force the ferromagnetic solution to be the ground state and is thus simulated by simply arranging the magnetic moments on all the edge carbon atoms parallel to the direction of the external magnetic field, just as done in many other references. 20, 35 It is found that in a uniform magnetic field (see Fig.  1(d) ), in system M-M, the conductance at the Fermi level is 1.0 G 0 , which comes from the extended states in the p or p Ã bands (see Fig. 3(a) ). Around þ0.5 or À0.5 eV, a conductance platform of 3G 0 is observed. Obviously, the extra 2G 0 comes from the electron transmission between the edge states in the valence band or the conduction band in the two leads which lie in the right 1/3 region of the Brillouin zone. In system D-D, we get similar phenomena and the extra 2 G 0 also arises from the edge states (see Fig. 3(b) ). However, in the system M-D, in the whole range [À1.0, 1.0]eV, the conductance is zero except that there is a very small conductance peak at À0.25 eV (for spin b) or at 0.25 eV (for spin a) [see Fig. 3(c) ]. This indicates that around the Fermi level, in each spin channel, the electrons from the left ribbon can never be transmitted to the right ribbon although both the ribbons become metallic in this junction under the uniform magnetic field. From the very small peaks at À0.25 eV or þ0.25 eV, we know that the edge states always contribute to the conductance. Thus, the zero transmission around the Fermi level and in other regions (see Fig. 3(c) ) and in the [À1.0,À0.5]eV and [0.5,1.0]eV regions in the zero magnetic field (see Fig. 2(c) ) should arise from the extended states in the p and p Ã bands in M and D. For a better understanding, we analyze the features of these states in both nanoribbons. In both AF and FM configurations, regardless of the spin channels, in the monohydrogenated ZGNRs, the p states in the valence band have odd symmetry (see Fig. 3(d) ) while the p Ã states in the conduction band have even symmetry (see Fig. 3(e) ). Nevertheless, in dihydrogenated ZGNRs, the p states in the valence bands have even symmetry (see Fig.  3(f) ) while the p Ã states in the conduction bands states have odd symmetry (see Fig. 3(g) ). Consequently, under a uniform magnetic field, for spin channel a (b), in a very large energy range [À1.0, 1.0]eV, the transmission of system M-D is exactly zero (see Fig. 3(c) ) due to the orbital symmetry mismatching between the p Ã states in M and D, except for a very small energy range around À0.25 eV (þ0.25 eV) where the localized edge states contribute to a very small peak. In the zero magnetic field case shown in Fig. 2(c) , the zero conductance in the energy ranges [À1.0:À0.5]eV and [0.5:1.0]eV has the same origin. Now we will focus on the spin a channel of system M-D around the Fermi level, specifically, in the energy range [À0.25, 0.25]eV. If the magnetic fields in the two nanoribbons point to the same direction, we see that only the p Ã bands (conduction) in both M and D cross the Fermi level (see Fig. 3(c) ). However, if the direction of the magnetic field in D is reversed (see Fig. 1(e) ), the direction of the edge magnetic moments will also be reversed. This equivalently exchanges the spin channels in the band structure. Thus, in D, the p band (valence) crosses the Fermi level (see Fig.  4(a) ). Since the p Ã band in M and the p band in D both have odd symmetry, the electron transmission between these two kinds of states is permitted and this has been demonstrated in Fig. 4(a) , where we see a large and wide conductance peak around the Fermi level. At low bias, a linearly increasing I-V curve is obtained, which is in clear contrast to the case with uniform magnetic field applied where the current is almost zero (see Fig. 4(b) ) due to the conductance gap around the Fermi level. Since applying opposite magnetic fields can tune the heterojunction to switch between an insulating state and a conducting state, very large magnetoresistance values can be realized under finite bias. Finally, we want to emphasize that such a conductance switching can be observed for all n-ZGNRs with n ! 8, while not for n < 8 since the dihydrogenated n-ZGNRs with n < 8 are all nonmagnetic systems with a finite gap around the Fermi level. 25 In summary, we have built a graphene heterojunction by combining the monohydrogenation and dihydrogenation in the same graphene nanoribbon. Our first principles calculations indicate that conductance switching has been achieved in this junction by tuning the orbital symmetry with magnetic fields. Under zero magnetic field, both monohydrogenated ZGNR and dihydrogenated ZGNR are in the insulating AFM state, which leads to a conductance gap around the Fermi level. When a uniform magnetic field is applied to the whole junction, although both the monohydrogenated ZGNR and dihydrogenated ZGNR are in the conducting FM state, the whole junction is still insulating which is indicated by the conductance gap around the Fermi level. In addition, in some other energy regions where extended states exist in both ribbons, transmission is also zero. This conductance anomaly arises from the orbital symmetry mismatching between the p (or p Ã ) states in the left and right ribbons. However, if the direction of the magnetic field in the dihydrogenated ZGNR is reversed, it equivalently exchanges the two spin channels in the band structure. As a result, for spin channel a (b), the conduction (valence) band in the monohydrogenated ZGNR and the valence (conduction) band in the dihydrogenated ZGNR cross the Fermi level. The orbital symmetry of these states in the two ribbons matches well and thus a wide transmission peak is observed around the Fermi level. For this reason, under low bias, we have linear I-V characteristics in this system. This will certainly lead to very large magnetoresistance since a good conductance switching has been realized by tuning the magnetic field in one ribbon. With the rapid progress in the experimental fabrication and controlled manipulation of graphene nanoribbons, such an edge decoration scheme may find important application in graphene based electronic and spintronic devices. Furthermore, we note that, in the study of electron transmission in a nano or molecular device, attention is generally focused on the density of states (DOS) and spatial localization of the wave functions. This study demonstrates that nonzero DOS and delocalized wave functions are not enough for the electron transmission and the orbital symmetry is critical in certain situations. 
